We employ a technique that combines the configuration interaction method with the singlesdoubles coupled-cluster method to perform calculation of the energy levels, transition amplitudes, lifetimes, g-factors, and magnetic dipole and electric quadrupole hyperfine structure constants for many low-lying states of neutral actinium. We find very good agreement with existing experimental energy levels and make accurate predictions for missing levels. It has been noted that some of the levels have been previously misidentified; our analysis supports this claim. If spectroscopy is performed with actinium-225, our calculations will lead to values for nuclear structure constants. The accuracy of this can be constrained by comparing with actinium-227.
I. INTRODUCTION
Actinium is a radioactive element with atomic number Z = 89, and has three valence electrons above a radonlike core. The most stable isotope, 227 Ac, has a halflife of 28 yr; the nearest even isotopes, 226,228 Ac, have lifetimes on the order of hours. Its complicated electron structure and short half-life have made both theoretical and experimental investigations of its atomic properties quite difficult. The data for the electron spectrum of Ac presented in the NIST database [1] miss many levels and there are indications that some of the data are not accurate [2] , see also Refs. [3] [4] [5] .
Several isotopes of actinium have extensive use in medical applications. In particular, 225 Ac, an alpha-emitter with a 10 day half-life, is a very promising. The emitted radiation is sufficiently energetic to destroy cancer cells, but has a range short enough to be essentially contained and not damage nearby cells. Work on producing and studying 225 Ac is ongong at the Los Alamos National Laboratory [6, 7] , Brookhaven National Laboratory [8] , Leuven [5] and other centres. The trapping and transport of these radioactive isotopes, however, is rather challenging. A detailed knowledge of the energy levels and transition amplitudes is extremely important for the development and testing of trapping and cooling schemes.
We perform accurate calculations for neutral actinium using a technique based on the combination of the configuration interaction method with the linearized singledouble-coupled-cluster method [9] . We calculate the energy levels and g-factors for many of the low-lying states, including predictions for many previously unidentified levels, and electric dipole transition amplitudes between several of the lowest states. Our calculations extend significantly beyond existing calculations (e.g. Ref. [3] ), and are likely accurate to the few-percent level for the energy levels, and to around 10% for most transition matrix elements. Newer experimental work may indicate that some of the levels may have been previously misidentified (e.g., [2, 4, [10] [11] [12] ). Our calculations add weight to this claim, agreeing well with the newer measurements.
Actinium may also be of interest to studies of atomic parity and time-reversal violation [13] (see also Ref. [14] ). High-precision atomic structure calculations will be required for the interpretation of experimental results in this case.
II. ATOMIC STRUCTURE CALCULATIONS
To perform the calculations, we use a method based on the combination of the configuration interaction (CI) method with the linearized single-double-coupled-cluster method (SD), as developed in Ref. [9] . This method is similar to that developed in Ref. [15] , and good agreement between the two approaches has been demonstrated [9] . This technique has proven to be effective and very accurate for few-valence-electron systems [9, [15] [16] [17] [18] [19] .
This method is similar to the combination of manybody perturbation theory (MBPT) with the CI method, as developed in Ref. [20] . Such a method has been used widely for a large number of applications and has been proven to be both efficient and accurate for few-valence atoms and ions. The SD technique allows one to accurately take into account the core-valence and core-core electron correlations, while the CI method accounts for the valence-valence correlations. The CI+SD method includes a more accurate treatment of the core-valence correlations, as well as the screening (by the core electrons) of the Coulomb interaction between valence electrons compared to the CI+MBPT technique [9] .
In the SD method, the many-body wave function is expressed as an expansion that contains all single and double excitations from the Hartree-Fock reference wave function, see, e.g., Ref. [21] . The coefficients of the expansion are found by solving the set of SD equations. First, the SD equations are solved self consistently for the core electrons to determine the core excitation coefficients. Then, the SD equations are solved for valence states. This a complete procedure for the case of a singlevalence electron. For systems with more than one valence electron, however, the interactions between the valence electrons must also be taken into account. This is done with the use of the CI technique (see Ref. [9] for details).
In the CI method, the many-electron wave function for a valence state is expressed as a linear combination of Slater determinants, constructed from single-electron basis states Ψ j = i c i ψ ji . We use B-spline technique [22] to make a single electron basis for Slater determinants ψ jl .
The effective CI Hamiltonian in the CI equation H CI Ψ j = E j Ψ j can be expressed as the sum of singleparticle and two-particle operators,
where the summation runs over the valence electrons (Ac has three valence electrons). The one-and two-electron parts of the Hamiltonian are given bŷ
respectively, where γ 0 and α = γ 0 γ are Dirac matrices, p is the relativistic (three-)momentum of the electron,V nuc is the nuclear potential (for which we use a Fermi distribution of nuclear charge),V N −3 is the frozen Hartree-Fock potential created by the N − 3 core electrons, and r 12 = |r 1 − r 2 |. The other operators,Σ 1 and Σ 2 , are the correlation operators, which are determined from the SD equations. Without these, the above equations would correspond to the conventional CI method. The single-particle operator,Σ 1 , corresponds to the interaction of a single valence electron with the atomic core. The two-particle operator,Σ 2 , represents the screening of the valence-valence Coulomb interaction by the core electrons.
A. Breit and QED effects
We also take into account two non-correlation corrections; those due to the Breit and radiative quantum electrodynamics (QED) effects. The effective Breit Hamiltonian, which includes magnetic and retardation corrections (in the zero energy transfer limit) can be expressed
where r 12 = r 1 − r 2 .
We include radiative QED effects via the use of the socalled radiative potential method, developed in Ref. [23] . The radiative potential has the form
where V U is the Uehling potential (lowest order vacuum polarization correction), and the self-energy corrections V g and V e are the potentials arising from the magnetic and electric electron form-factors, respectively. The V U and V e terms can be added directly to the Hartree-Fock potential, while V g leads to corrections to the Dirac equation (see Ref. [23] ). Relaxation is included for both the Breit and QED potentials by including them in the iterations of the Hartree-Fock equations.
B. Matrix elements and core polarisation
To calculate the matrix elements for the transition amplitudes we use the time-dependent Hartree-Fock (TDHF) method, as in Refs. [24] [25] [26] . In the presence of external fields, the Hartree-Fock core is polarized and its potential should be modified:
To calculate δV , the wave function is written in the TDHF framework as
where ψ 0 is the unperturbed wave function, η and ζ are corrections due to the external field, and ω is the frequency of the external field (frequency of the transition). Then, the set of TDHF equations
are solved self-consistently for the core orbitals. Here, the index c denotes a state in the core,ĥ ext is the operator of the external field interaction, and δε = ψ 0 |δV |ψ 0 is the correction to the energy due to the external field. Core polarization is included into the calculation of the the matrix elements via a redefinition of the external field operators, e.g.,
where d E1 = −er is the operator of the E1 interaction, and δV E1 is the correction to the Hartree-Fock core potential due to the action of the external E1 photon field. This method is equivalent to the random phase approximation (RPA) method [27] , and includes corepolarization effects to all-orders. [10] . Most likely, this corresponds to one of the levels denoted here as N = 38, 39, or 40. 2 This level actually has J = 5/2 [2] , and most likely corresponds to the level denoted here as N = 34.
III. RESULTS AND DISCUSSION
In Table I , we present our calculations of the energy levels and g-factors for several of the low-lying states for Ac. Also presented are the accepted experimental values (taken from the NIST database [1] ), and the difference between these and our calculations (in the column ∆). For most levels, the agreement is better than a few percent.
As noted, it is possible that a number of these levels have been previously misidentified in the literature. The three largest deviations from experiment are likely explained by misidentification of the levels [3, 10] , see footnotes of Table I . In Ref. [3] , the authors employed a multi-configuration Dirac-Fock calculation (including Breit and QED effects) to calculate the spectrum of the low-lying states of neutral actinium. Our calculations agree reasonably with those in Ref. [3] , however, our work represents a significant improvement in accuracy. This becomes more noticeable at higher energies.
Table II presents our calculated hyperfine structure constants, and comparison with experimental values. The magnetic dipole constant A is relatively unstable in the calculations for the ground state, while the electric quadrupole constant B is comparatively stable. This is due primarily to the role of d-states. The direct contribution is small, because matrix elements for magnetic hyperfine structure are small for d-states; the value of A comes from many-body corrections where s and p states play role. In contrast, s and p 1/2 states do not contribute to B (due to their too small total angular momentum j: 1/2|Q|1/2 = 0), but d-states contribute significantly. Actually presented in the tables are A/(µ/I), and B/Q, where µ is the nuclear magnetic moment (in nuclear magnetons), I is the nuclear spin, and Q is the magnetic quadrupole moment (in barns). These numbers are presented since they are independent of the nuclear parameters (besides the effects of finite nuclear size, which are well below the assumed accuracy). The corresponding experimental values are found using the known parameters for 227 Ac, µ = 1.1, Q = 1.7, and I = 3/2. If measurements of the hyperfine structure are performed for 225 Ac [4] , these calculations can be used to extract the nuclear parameters µ and Q. The accuracy of these predictions can be gauged from the comparison with 227 Ac. In Table III , we present calculations of the reduced matrix elements for the electric dipole (E1) amplitudes between several of the lowest states of Ac. In order to control the accuracy of the calculations, we also performed all calculations using the CI+MBPT method, as developed in Ref. [20] , which includes a set of dominating correlation diagrams to the second-order in perturbation theory. By comparing the results of the CI+MBPT calculations with the all-order CI+SD calculations, a reasonable estimate of the uncertainty due to missed higherorder correlations can be formed. For nearly all transitions, the difference between these calculations is less than 10%.
The total decay probability for state i is given Γ i = j γ ij , where the summation is over all lower state j, and (considering only E1 transitions) the partial transition probability is (in atomic units)
Here, j||d E1 ||i is the reduced matrix element for the E1 amplitude, ω ij = E i −E j , and α ≈ 1/137 is the fine structure constant. The lifetime for the state i is then 1/Γ i . To convert the rate from atomic units to ordinary units we should multiply the result in Eq. (10) by (2Ry/ ). Correspondingly, to find the lifetime we should multiply 1/Γ in atomic units by ( /2Ry) ≈ 2.4189 × 10 −17 s. In Table. IV, we present our calculations of the lifetimes for several of the lowest-lying odd states. The presented errors take into account the uncertainties in the calculated frequencies (where experimental values were not available), the uncertainties in the E1 matrix elements. For the higher states, the uncertainties also reflect the fact that only the dominating transitions were included. To determine the uncertainties, we conservatively take the uncertainties in the frequencies and E1 amplitudes to be 10% and 20%, respectively. We calculate the lifetime of the state 7s 2 7p 2 P o 1/2 (denoted as state 3 in Table I ) to be 4 × 10 −7 s, with an uncertainty of about 50% (which comes mostly from the calculation of the frequency).
For the even state 7s6d 2 4 F 3/2 (N = 4 in Table I as 2, 5, 6, 7, and 19, respectively, are expected to be metastable.
IV. CONCLUSION
We have performed accurate calculations of the energy levels, g-factors, transition matrix elements, and lifetimes for several of the low-lying states of neutral actinium using an all-order method based on the combination of the configuration interaction technique with the singlesdoubles-coupled-cluster method. Our calculations indicate good agreement with experiment for known levels, and we have provided predictions for many previously unidentified levels. The calculations will help shed light on some potential misidentified levels in the literature, and will aid in the indentification of new levels as experimental work continues.
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